Hallasan Mountain is located at the center of Jeju Island, Korea. Even though Hallasan Mountain has a height of just 1,950 m, the temperature during the winter decreases below −20 degrees Celsius. On the contrary, the temperature on the coastal areas remains just above freezing. erefore, large snowfalls in the mountain and rainfall in the coastal areas are very common in Jeju Island. Most of the rain gauges are available around highly populated coastal areas, and snow measurements are available at just four locations on the coastal areas. erefore, it is practically impossible to distinguish the rainfall and snowfall in Jeju Island. Fortunately, two radars (Seongsan and Gosan radars) operate on Jeju Island, which fully covers Hallasan Mountain. is study proposes a method of using both the radar and rain gauge information to map the snowy region in Jeju Island, including Hallasan Mountain. As a first step, this study analyzed the Z-R and Z-S relationships to derive a fixed threshold of radar reflectivity to separate snowfall from rainfall, and, in the second step, this study additionally considered the observed rain rate information to implement the problem of using the fixed threshold. is proposed method was applied to radar reflectivity data collected during November 1, 2014 , to April 30, 2015, and the results indicate that the method considering both the radar and rain gauge information was satisfactory. is method also showed good performance, especially when the rain rate was very low.
Introduction
Mapping the snowy region is very important in our daily lives. In some places it rains, but in other places, maybe in highelevation areas, it can snow. If it snows, it may be necessary to limit vehicle traffic, remove snow from the road and roadsides, and sometimes warn climbers against trespassing. Accurately predicting the snowline is thus important, especially where the rainfall and snowfall simultaneously occur.
Jeju Island, which is located in the southernmost part of the Korean Peninsula, is likely the only place where both rainfalls in the plain coastal area and the snowfall in mountainous areas can be observed at the same time. is is mainly because Hallasan Mountain is located at the center of Jeju Island. With a height of 1,950 m, Hallasan Mountain is known to have a strong orographic precipitation. During winter, from December to February, the mean temperature in the coastal area is around 6.5∼7.3°C, but that in the mountain area decreases to around −2.3∼1.0°C. At the mountain top, the temperature easily drops below −10°C [1] .
ere are two main roads in Jeju Island: one is the beltway along the sea shore and the other an expressway that connects two big cities, Jeju City and Seogwipo City, in Jeju Island. In particular, the expressway passes the side of Hallasan Mountain at an elevation of 700 m. Unfortunately, this expressway is frequently closed due to heavy snowfall during the winter. Four access roads to Hallasan Mountain run up to an elevation of 1,000 m.
However, in Jeju Island, it is practically impossible to divide areas of the rainfall and snowfall. e Jeju Regional Meteorological Administration (JRMA) operates a total of 24 rain gauges, but 13 rain gauges are located near the sea shore (elevation 0 to 250 m from the sea level) where the population is high. Rain gauges in the high-elevation mountain area are very limited. Snowfall observations are carried out at four locations over Jeju Island (Jeju, Seogwipo, Seongsan, and Gosan), but these are all in the coastal areas where snowfall is very rare. Rain gauges in the mountainous area can measure snowfall according to water depth, but it is not easy to distinguish snowfall from rainfall.
Radar data may be used as an alternative to divide areas between the rainfall and snowfall. Basically, radar reflectivity on rain drops is different from that on snow flakes. For example, the Z-R relationships between the radar reflectivity (Z) and rain rate (R, mm/hr) are Z � 200R 1.6 [2] , Z � 31R
1.71 [3] , Z � 486R 1.37 [4] , etc. On the contrary, the Z-S relationships between radar reflectivity (Z) and snow rate (unit of mm/hr, the same as R) are Z � 2,000S 2.0 [5] , Z � 2,100S
2.0 [6] , Z � 427S 1.09 [7] , etc. e two relationships are markedly different in their proportional constants, i.e., the proportional constant of the Z-S relationship is generally much larger than that of the Z-R relationship.
However, the problem is that, for a given radar reflectivity, it is impossible to distinguish the snowfall and rainfall.
is is the main issue in this study. Currently, classification of rainfall and snowfall fully relies on the information of air temperature. It is generally assumed that snow cannot exist if the temperature is higher than 5°C [8] . Also, the guideline from the Korean Meteorological Administration (KMA) shows that the precipitation is assumed to be snowfall if the temperature is lower than 1.2°C [9] . So the problem is that the range between the obvious rainfall and obvious snowfall is too wide. is range of temperature corresponds to the elevation difference around 500 m. In case the prediction of snowline much matters such as in Jeju Island, the temperature information may not be a sufficient indicator.
e objectives of this study are as follows. First, this study will analyze the Z-R and Z-S relationships reported so far worldwide to characterize their difference. e difference between the two may give us an idea of separating the snowfall from rainfall. Second, as the known range of radar reflectivity of rainfall is much wide and includes that of the snowfall, simply a fixed radar reflectivity value may not be useful to map the snowy region [10] . In this case, additional information must be used to successfully achieve the study objective. In this study, rain gauge data will be considered as secondary information to separate snowfall from rainfall, as it is generally accepted that radar reflectivity is proportional to the rain rate.
is manuscript is composed of a total of five sections, including Introduction and Conclusions. In the second section, the Z-R and Z-S relationships are reviewed to derive their difference. In the third section, the study area and the data are explained. Finally, the fourth section explains the methodology and application examples using the data collected by both radar and rain gauges in Jeju Island, Korea.
Z-R and Z-S Relationships
e equation for the so-called Z-R relationship has the following form [11] :
where Z is the radar reflectivity (mm 6 /m 3 ), R is the rain gauge rain rate (mm/hr), and A and b are parameters. ese two parameters are known to vary so widely regionally and depending on storm types. Table 1 introduces some Z-R relationships collected from past studies and reports worldwide.
Similar to the Z-R relationship to estimate the radar rain rate from the radar reflectivity, the so-called Z-S relationship is used to estimate the radar snow rate [15] . e basic form of the equation for the Z-S relationship is the same as that for the Z-R relationship:
where the snow rate S has the same unit of mm/hr as the rain rate. Table 2 shows some Z-S relationships collected from past studies and reports. In this table, Z e has the relation with Z such as Z e � 0.244 × Z. is relation was proposed in [22] for melted snowflakes. e variability of the parameters for the Z-R and Z-S relationships is quite different from each other. Figure 1 compares the box plots of parameters A and b of the two relationships collected in this study. As can be seen in this figure, the range of parameter A of the Z-R relationship is 16.6∼730 and that for parameter b is 1.0∼2.87. On the contrary, the range of parameter A of the Z-S relationship is 160∼3,300 and that for the parameter b is 1.09∼2.21; that is, the ranges of parameter A are very different, but those of parameter b are similar to each other.
Simply plotting the Z-R relationships and Z-S relationships collected in this study produces Figure 2 . e log-log scale was used in this figure, so all relationships are shown linearly over the Z-R and Z-S planes. Comparing these two panels, one can easily find that the slopes of the lines are similar to each other. In fact, this is a natural result because parameter b is similar in both relationships. However, the intercept, which is related to parameter A, is found to be very different from each other.
is study used the concept of a confidence interval to summarize the Z-R relationships and Z-S relationships. In general, the confidence interval is derived as a fixed one about the given mean. However, in this study, the confidence interval was derived for the entire range of the radar reflectivity as a function of R or S. e radar reflectivity Z for a given R or S was assumed to follow the Gaussian distribution. e 95% confidence intervals (i.e., 2.5∼97.5% range) derived for the Z-R relationship and Z-S relationship also overlapped in Figures 2(a) and 2(b), respectively. As can be seen in a comparison of these two confidence intervals, Z for S is distinctly higher than that for R. However, it is also true that these two confidence intervals overlap a bit to make a separation of snowfall from rainfall become very complicated.
Study Area and Data

Study Area.
Jeju Island is located in the southernmost region of the Korean Peninsula. In fact, Jeju Island is composed of the main island, eight inhabited islands, and 55 uninhabited islands. Figure 3 shows Jeju Island and its administrative districts.
Jeju Island is a volcanic island composed of about 360 small-scale volcanoes and volcanic cones [1] . Hallasan Mountain is located at the center of Jeju Island, and it sits at a height of 1,950 m. Hallasan Mountain has a gentle slope of about 3°along the east-west direction, but a steeper slope of about 5°along the north-south direction (Jeju Special SelfGoverning Province, http://www.jeju.go.kr). e shape of the island is elliptical, with a major axis length of 73 km along the east-west direction and a minor axis length of 31 km along the north-south direction.
e total area for Jeju Island is 1,848 km 2 , and the coastal area whose elevation above the sea level is less than 200 m covering 55.3% of the island's total area.
Rain Gauge and Radar Data.
In 1990, the Korea Meteorological Administration (KMA) started to introduce automated weather stations (AWSs) in Jeju Island [23] . Now, a total of 24 AWSs are in operation [24] . Among them, 16 rain gauges are located in the coastal area with an elevation of less than 250 m, four in between 250 and 500 m, 
T � mean air temperature. Advances in Meteorologytwo in between 750 and 1,000 m, one in between 1,250 and 1,500 m, and one at 1,500 m or higher. e locations of the rain gauges are shown in Figure 4 . KMA operates the Gosan radar and Seongsan radar in Jeju Island. e Gosan radar, which was originally a C-band radar, started tracking typhoons in 1991 but was replaced by an S-band radar in 2006. e Seongsan radar was introduced in 2006 to supplement the Gosan radar, specifically to remove the blind spot caused by Hallasan Mountain. Seongsan radar is also an S-band radar, and both radars possess an observation radius of 240 × 240 km and a resolution of 1 × 1 km. e major specifications of the Gosan and Seongsan radars are summarized in Table 3 .
From both the Gosan and Seongsan radars, a total of eight radar reflectivity fields were prepared from an elevation of 250 m to 2,000 m in intervals of 250 m. at is, from each radar, 0.25 km CAPPI, 0.50 km CAPPI, 0.75 km CAPPI, 1.00 km CAPPI, 1.50 km CAPPI, 1.75 km CAPPI, and 2.00 km CAPPI data were prepared. ese data were used to produce a composite field at each elevation. When data were available from both radar systems, their arithmetic mean was calculated to make the representative reflectivity. e radar reflectivity data that were used were captured from November to April from 2007 to 2016. A total of 21 AWSs data were used in Jeju Island during the same period.
Mapping the Snowy Region
Using Only the Radar Information.
In this study, the mapping of the snowy region was first attempted based on the difference between the Z-R and Z-S relationships. e radar reflectivity data were collected for the winter period from the year 2007 to 2016. In most cases, the data collected in the coastal area are for the rainfall and those in the mountain area the snowfall. However, as the snowline varies so widely in both space and time, it is not easy to separate the snowfall from rainfall simply by analyzing the radar reflectivity value. In this study, among the data collected, those within the 95% significance range of Z-R relationship were selected, as shown in Figure 5 (a), for the elevation zone of 250-500 m, as an example.
ose within the 95% significance range of the Z-S relationship were also selected, as shown in Figure 5 (b). Even though it was impossible to check if these two datasets were really rainfall or snowfall, they were assumed so at this point. ese two datasets were then quanti ed by probability density functions ( Figure 6 ). Here the Gaussian distribution was assumed since the dBZ unit was used for the radar re ectivity [25] [26] [27] . For the rainfall case, radar re ectivity data were distributed over a range of 20 to 50 dBZ but for the snowfall over the range of 30 to 55 dBZ. ey obviously overlapped, indicating the possibility of uncertainty in the separation of snowfall from rainfall.
As can be seen in Figure 6 , the mean of the radar re ectivity for the rainfall was 26.1 dBZ and that, for the snowfall case, was 41.8 dBZ. eir standard deviations were similar at 5.6 dBZ and 6.6 dBZ, respectively. e range of overlapping radar re ectivity for both the rainfall and snowfall was found to be between 24 and 42 dBZ. eoretically, both the rainfall and snowfall can happen if the radar re ectivity is within this range. However, its possibility 
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(or the probability) is totally different. Near the low bound of this range, it is more like the rainfall, and near the upper bound of this range, it is more like the snowfall. In this study, the concept of a contingency table was used to determine the threshold value of the radar reflectivity to separate the rainfall and snowfall conditions. A contingency table is composed of four different probabilities indicating the true and false probabilities under the assumption of rainfall or snowfall. Figure 6 : Comparison of probability density functions for rainfall and snowfall data over the elevation zone of 250∼500 m. 6 Advances in Meteorology By changing the threshold value of the radar reflectivity, the average accuracy of rainfall and snowfall predictions as well as their difference was calculated. It is obvious that the accuracy of the rainfall prediction increases as the threshold value decreases. On the contrary, the accuracy of the snowfall prediction increases as the threshold value increases. us, the average accuracy should be determined somewhere in between the low and high threshold values, which was around 33∼35 dBZ in this case. However, the difference in the accuracy between the rainfall and snowfall prediction was the smallest at a threshold value of 33 dBZ, which increased rather highly as the threshold value increased. Since both the average accuracy and the difference in the accuracy between the rainfall and snowfall prediction were important, this study determined the threshold value to be 33 dBZ.
Following the same procedure, this study determined the threshold value for each elevation zone from November to April, when the snowfall is observed in the mountain area of Jeju Island. e results are summarized in Figure 7 . In this figure, the symbol "○" represents the threshold values, and the symbol "□" represents the average accuracy. is figure shows that the threshold values that were determined monthly were more or less the same at most elevation zones except for the elevation zone of 250∼500 m. Even in the elevation zone of 250∼500 m, the threshold value remained similarly from November to February, but it increased a bit from March. In the case of applying a fixed threshold value for each elevation zone, the average accuracy was found not to change significantly from that estimated by applying the value determined monthly (Figure 7) . It is also noticeable that the threshold values were all determined at around 30 dBZ regardless of the elevation. us, this study decided to use the fixed threshold value of 30 dBZ to map the snowy region for every month and the elevation zones considered in this study. By applying this fixed threshold value, the accuracy deteriorates slightly, as shown in Figure 7 .
Next, this study attempted to map the snowy region with a fixed threshold of the radar reflectivity value of 30 dBZ to the radar reflectivity data measured over Jeju Island from November 1, 2014, to April 30, 2015. As an example, Figure 8 shows the mapping results from 22:00 December 15 to 02:40 December 16, 2015 . In this figure, the red colour represents the snowy region and the grey colour the rainy region.
At this moment, it is not certain if the mapping result is correct or not. As the snowfall did not accumulate in the low elevation zone (the atmospheric temperature is generally above zero), the result could not be confirmed based on the snowfall measurements at four locations located in the low elevation zone of 0 to 250 m. However, Figure 8 shows that the snowy region occurred rather randomly over the Jeju Island, which is also inconsistent with the atmospheric temperature. Higher elevation zones were classified as the snowy zone, but some low elevation zones were also classified as the snowy zones even when the temperature was rather high. Overall, it is true that the mapping result contains lots of uncertainty. e behavior of snowfall in space is random, and also the mapping result lacks the physical consistency with the atmospheric temperature. 
Using Both the Radar and Rain Gauge Information.
e radar reflectivity is proportional to the rain rate (�rainfall depth/duration) or snow rate (�snowfall depth/ duration). us, in this study, to consider this behavior of the radar reflectivity, another method was proposed to additionally consider the rain rate data measured at each ground rain gauge station. All the rain gauges in Jeju Island are equipped with a melting device for snow and thus can measure the snowfall by units of rain rate.
e monthly variation of the threshold value was not considered in this study, as it was found to be very small in the analysis in the previous section.
First, in this study, the threshold values were estimated again using the observed radar and rain gauge data by additionally considering the rain rate (or the snow rate). Since the rain rate during the winter was so low, only four ranges of the rain rate could be considered, which are 0∼3.0 mm/hr, 3.0∼6.0 mm/hr, 6.0∼9.0 mm/hr, and 9.0∼12.0 mm/hr. Figure 9 shows the results for each elevation zone given over the 95% significance interval derived in the previous section. As can be seen in this figure, in all elevation zones, the threshold radar reflectivity was determined to be proportional to the rain rate. e threshold values were also found to be all within the overlapping zone of confidence intervals of Z-R and Z-S relationships. In particular, the threshold values were found to be located nearer to the upper bound of the 95% confidence interval of the Z-S relationship.
Based on above result, the study decided to use the upper bound of the 95% confidence interval of the Z-S relationship as the threshold for snowfall. Similarly, as the threshold for rainfall, the lower bound of the 95% confidence interval of the Z-R relationship was used. In between the two thresholds, a zone of the mixed rainfall and snowfall was assumed.
Next, this proposed method with a variable threshold was applied with the same data considered in the previous section. As was explained earlier, the variable threshold of the radar reflectivity was derived by considering the rain rate. Both thresholds for the rainfall and snowfall were defined, and additionally, the zone for the mixed rainfall and snowfall was also introduced to consider the uncertainty of classifying the rainfall and snowfall. An example applying the variable threshold method to the event observed on 22:00 December 15 to 02:40 December 16, 2015, is given in Figure 10 . In this figure, the red colour indicates the snowfall and grey colour indicates rainfall. Additionally, the cross stripes represent the mixed rainfall and snowfall.
Different from previous results in Figure 8 , Figure 10 shows somewhat distinct features. First, the snowy region in this case was larger than that in the previous case. If adding the area for the mixed rainfall and snowfall, the snowy region becomes much larger than that in the previous case. Second, especially on the top of Hallasan Mountain at subzero temperatures, radar reflectivity data were also classified into either snowfall or mixed. In the previous case, most of the radar reflectivity data in the high-elevation zone was classified into rainfall. ird, the behavior of a snow storm, i.e., directional property of the snowfall movement, could be clearly identified. In this example, the snowfall approached from the west or northwest to Jeju Island, which also scattered snowfall mostly on the rising limb of Hallasan Mountain. is behavior of the snowfall could not be detected when applying the fixed threshold method. Obviously, the variable threshold method showed a superior performance to classify the rainfall and snowfall. In addition, applying the variable threshold method was also found to be advantageous, especially when the rain rate was very low.
Determination of the Snowline at Hallasan Mountain, Jeju
Island. Finally, in this study, the snowline of Hallasan Mountain was determined by applying the variable threshold method. e snowline in this case indicates the lowest elevation where snow is observed. In this study, snow was assumed to melt away if the temperature was higher than 5°Celsius [8] , and that snow would disappear regardless of the snow depth. As an example, Figure 11 shows the change in the snow coverage over Jeju Island from 250 m to 2,000 m. At the early stages of winter, snow was detected around the top of Hallasan Mountain, but the snow-covered area increased significantly during winter and then decreased again at the end of the winter.
To determine the snowline, snowfall ratios of 10% and 90% were considered in this study (Figure 12 ). e snowfall ratio was calculated by dividing the number of snowy cells by the total number of cells at each elevation zone. In fact, the criterion 10% was a very weak one but was considered to show the snow-detectable elevation and its change during the winter. e second case was added to estimate the number of days when the snow-covered Hallasan Mountain could be seen. e result shows that the snowy mountain top can be seen from December to the beginning of March in Jeju Island.
Summary and Conclusions
In this study, a method was proposed to map the snowy region using both the radar and rain gauge information. As a first step, this study analyzed the Z-R and Z-S relationships to derive a fixed threshold of radar reflectivity to separate snowfall from rainfall, and in the second step, this study additionally considered the observed rain rate information to address the problem of using the fixed threshold. is proposed method was applied to radar reflectivity data collected during November 1, 2014, to April 30, 2015, in Jeju Island, Korea. e results are summarized as follows.
For the case of using only the radar information, the threshold value of the radar reflectivity was determined to be 33 dBZ. However, the application of this threshold value did not show any satisfactory results. e results showed that the snowy region occurred rather randomly, which was also inconsistent with the atmospheric temperature.
For the case of using both the radar and rain gauge information, the threshold radar reflectivity was determined to be proportional to the rain rate. e threshold values were especially found nearer to the upper bound of the 95% confidence interval of the Z-S relationship. Similarly, as the threshold for the rainfall, the lower bound of the 95% confidence interval of the Z-R relationship was determined for use. Between the two thresholds was assumed to be the zone of the mixed rainfall and snowfall. Application of this proposed method resulted in somewhat distinct features like (1) obvious snowfall on the top of Hallasan Mountain in subzero temperature and (2) directional property of the snowfall movement.
is method based on the variable threshold depending on the rain rate showed a superior performance in classifying the rainfall and snowfall, including a good performance particularly when the rain rate was very low.
Based on above results, the proposed method in this study based on the variable threshold value of radar reflectivity considering the observed rain rate could be confirmed to be effective when applied to map the snowy region. Especially, the AWS, which can measure the snowfall by the unit of water depth, was found to be beneficial to improve the quality of snowfall prediction. Even though this is a case study over Jeju Island, Korea, the same methodology may be applied anywhere with a similar environment. Especially, this methodology can be advantageous in the mountainous areas where snow measurements are not systematically taken. . Also, the thin wiggly line represents the air temperature measured at each elevation, which is moving around the reference temperature 0°C (i.e., the horizontal line at each elevation).
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